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1 Introduction and Motivation 
 
The Sun, whose intense energy maintains life on Earth, has captivated the thought of humans 
for millennia. This is reflected in mythological and folklore stories all over the ancient world 
including those of the Aztecs, Ancient Egyptians and different tribes in Africa, China and 
North America.  Some ancient societies constructed monuments and structures to trace the 
motion of the Sun across the sky to chart seasons and predict astronomical phenomena, like 
eclipses. Mankind’s’ fascination toward the Sun continues to this day, though it is more 
scientific than mythological fascination.  There has been a number of spacecraft dedicated to 
elevate our understanding of the Sun, both its exterior and interior. There are also spacecraft 
that are dedicated to study the interactions between the Sun and the Earth (Solar system, 
2014). In today’s society understanding and predicting space weather has gained a significant 
scientific and public importance. One aspect of the study of space weather deals with the 
interactions of the Sun and the Earth (Bothmer & Daglis, 2007). Energetic particles of 
different origins are of great concern from space weather point of view. Solar energetic 
particles (SEPs) are one of these energetic particles.  SEPs are released irregularly during 
solar flares and in connection to corona mass ejections (CMEs). SEPs that penetrate the 
Earth’s magnetosphere are trapped on magnetic field lines (Baker, 2004). According to 
Bothmer and Daglis (2007), high energy SEPs could have ionizing and non-ionizing effects 
on space systems. They could also cause material degradation and damage living cells 
(Bothmer & Daglis, 2007). 
 
In this project, we investigate two heliospheric modeling tools, ENLIL and ENLIL-with-cone 
models. We study if they could provide an accurate model of the heliosphere in the presence 
of CMEs that affect the magnetic field lines emanating from the Sun and are directed towards 
Earth. To do this we used the SEP events of the 23
rd
 solar cycle that run from 1996 until 2007. 
There were 114 SEP events in the 23
rd
 solar cycle but we are interested only in the SEPs that 
could only be associated with isolated CMEs. By implementing different techniques shown in 
chapter 4 we narrowed down the number of SEPs that could be associated with only CMEs 
(and a maximum of three CMEs associated with them) to 6. These 6 SEPs were further 
investigated for their relation to CMEs that could have actually accelerated the SEP towards 
Earth.  
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As mainly CMEs that have a general westward direction could accelerate particles towards 
Earth, our analysis was further narrowed to one SEP event, the SEP event of May, 9, 1999.   
 
The ENLIL and ENLIL-with-cone model analysis of the May 9, 1999 SEP event and the 
results of the analysis are given in chapters 4 and 5 respectively.  
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2 Theoretical background 
 
2.1 The Sun 
 
 Sitting at an average distance of 150 million kilometers from the Earth and weighing 2 × 
10
30
 kg the Sun dictates the motion and to some extent the characteristics of the permanent 
and temporary residents of the solar system. It has a radius of 7 × 10
5
 km and
.
 is losing an 
average mass of 5 ×10
9 
kg every second in the form of radiation and solar wind. That is 
equivalent to throwing away about a staggering 3 million family cars every second. 
 
The Sun is primarily composed of Hydrogen and Helium constituting 71.0 and 27.1 percent of 
the total mass respectively. The rest of the mass is shared by elements like Oxygen, Carbon, 
Nitrogen, Silicon and more. From solar spectral analysis 67 elements have been identified so 
far in the Sun.  
 
The 4.5 billion years old Sun has a varying density, chemical composition, motion and other 
properties as we go from its core to its surface. For instance, the core has a mass density of 
about 2 × 10
5
 kg/m
3 
while the mean density of the entire Sun is only about 1400 kg/m
3
. Based 
on this variation we study the Sun by dividing it into different layers. The Sun has six basic 
layers from its center to its surface (Stix, 2004). A schematic view of the interior (core, 
radiative zone and convective zone) and the atmosphere (photosphere, choromsphere and 
corona) of the Sun is given in Fig 2.1.  
 
The main focuses of this project are solar energetic particles (SEPs). The generation and 
development of these SEPs is directly related to the outer layer of the Sun (called corona). For 
this reason special emphasis is given to the solar corona and is discussed in detail in the next 
section. 
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Fig 2.1 an artistic description of the layers of the Sun.  
 
 
2.2 The Corona 
 
The faint inhomogeneous halo of light that surrounds the dark disc during a total solar eclipse 
is called the corona. The existence of the solar corona is attributed to the presence of the Sun’s 
magnetic field. (Oddbjorn, 2001).  The corona, as compared to the visible disk of the Sun, is 
extremely faint. It has a brightness ratio of the order of one to a million with the solar disk. 
On a typical sunny day the sky is brighter than the corona by three to five orders of magnitude 
rendering the corona to be totally concealed from the naked eye.  
 
Until the onset of the space age solar eclipses were the only natural means to study the solar 
corona. It was only possible to observe the corona when the very luminous solar disk was 
entirely covered by the Moon. Once the space age hit full-swing, however, scientists have 
been able to observe and study the corona in different wavelength ranges like X-rays, EUV, 
gamma-rays and of course, in the visible wavelength range. (Aschwanden, 2009) 
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There are three distinct components of the coronal light, the K-(Kontinuierlich) corona, the F-
(Fraunhofer) corona, and the E-(Emission) corona. Recently however, a fourth category called 
the T-(Thermal) corona has entered the ranks. These components of the coronal light have 
different properties and are described based on the mechanisms they were created.  K- corona 
is a continuous spectrum produced by Thomson scattering of photospheric light off the hot 
electrons in the corona (Doppler shifts are so large that the absorption lines are smeared out); 
F- corona is scattering off slowly moving dust particles (hence the Doppler shifts are small 
and the spectral lines are still visible); and E- corona is the true emission spectrum of the 
ionized atoms of the hot corona (Golub & Pasachoff, 2010).  
 
The low luminescence of the corona made it slightly hard to determine its chemical 
composition using atomic spectroscopy. Despite the difficulty, it is now known that the corona 
has similar chemical composition to that of the photosphere for most of the elements, and is 
largely in accordance with the cosmic composition (Aschwanden, 2009). 
When observed under soft X-rays at a moderate resolution the corona is composed of three 
distinctive parts, X-ray bright points, coronal loops, and coronal holes.  
The X-ray bright points are very small but intense areas with a typical life span of about eight 
hours. They are usually found sitting in opposite direction to the magnetic fragments in the 
photosphere. The coronal loops refer to the region where the magnetic field is closed and 
manages to encompass high density of plasma. The coronal holes, on the other hand are the 
regions of open magnetic field with low plasma density. The coronal holes are the regions that 
release fast solar winds (Priest E. R., 2000).  Fig 2.2 below shows the solar corona during the 
2008 eclipse. 
The corona is fully ionized plasma whose temperature exceeds 1 million Kelvin. This extreme 
temperature is believed to be generated due the dissipation of currents in the corona. These 
currents are caused by the Sun’s magnetic field (Thompson, 2009). According to Chandran 
(2005), the corona could also be heated by high-frequency waves produced by MHD 
turbulence. These waves could also accelerate particles in solar flares (Chandran, 2005). 
Measuring the magnetic field in the corona has proved difficult. Imaging spectroscopy, the 
Hanle effect and Zeeman spectroscopy are some of the methods used to measure magnetic 
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field in the corona. Despite the difficulty, it is now strongly believed that the magnetic field is 
the prominent organizing force in the lower corona (Ashwanden, 2001). 
  
Fig 2.2 Image of the solar corona taken during the 2008 solar eclipse. The effect 
of the eclipse is recreated with occulters in modern observational tools of the 
Sun. 
 
2.3 Solar Activity 
 
The outputs of the Sun are not constant in all of their manifestations. All outputs of the Sun, 
like light, solar wind and energetic particles change in both time and position on the Sun. This 
is referred to as solar activity. Sunspots are one example of solar activity. (Christian, 2012)   
 
Solanki (2003) describes sunspots as “magnetic structures that appear dark on the surface of 
the Sun. Each sunspot is characterized by a dark core, the umbra, and a less dark halo called 
penumbra.”  The existence of penumbra distinguishes sunspots from the surrounding usually 
small pores on the surface of the Sun. A significant leap forward was made in 1908 when 
George Ellery Hale measured the magnetic field in sunspots. Ever since Hale’s discovery, 
magnetic field has been identified as an integral part of the sunspot phenomenon. (Solanki, 
2003). Image of a regular sunspot taken around 4305Å is shown in Fig 4.3 below. 
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Fig 2.3 Image recorded in a roughly 10Å wide band centered on 4306Å of a     
relatively regular sunspot. 
 
The earliest record of sunspots dates back to 800BC by Chinese astronomers. Over the years 
with the invention of telescopes the existing understanding of sunspots underwent significant 
changes. For example, the discovery of the Wilson effect in 1769 shades an entirely different 
picture on the structure of the Sun. Because the umbrae appeared to lie deeper than the rest of 
the solar surface, it was believed that the Sun’s interior was dark and therefore cool relative to 
the exterior surface. (Solanki, 2003) 
 
Though we only recently started to understand the forces that drive sunspots, we’ve known 
for over a century that sunspots appear in cycles. The average number of sunspots on the 
surface of the Sun increases and decreases on an average regular cycle of about 11 years. This 
was first observed by an astronomer called Heinrich Schwabe in 1843. Fittingly, the part of 
the cycle with low sunspot activity is called solar minimum and the one with a high solar 
activity is called solar maximum. (The sunspot cycle, 2001) 
 
A sunspot initially appears as small dark spots called pore. In time some of the pores develop 
into sunspot regions.  At first the pores become larger and darker with no identifiable internal 
structures. Some spots could break away from the original spot. A sizeable sunspot region 
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could be seen to have a double ended group with the two ends having opposite magnetic 
polarity.  We can define sunspot group as an aggregation of sunspots that belong to the same 
end of magnetic flux. (Kennwell, 2015)  
 
In 1874 the Royal Greenwich Observatory made detailed observations on the number, 
position and size of sunspots. Their data revealed that sunspots don’t show up on the surface 
of the Sun randomly.  Instead, they are concentrated in two latitude bands in the north and 
south hemispheres of the Sun. (Hathaway, 2015) Image 4.4 below shows the position of 
sunspots between 1874 and 2015. 
 
 
     Fig 2.4 Position of sunspots on the surface of the Sun. At the start of a new cycle sunspots 
start to appear at a higher latitude and migrate towards the solar equator as the cycle 
progresses. 
 
2.3 Coronal Mass Ejections  
 
 The Sun occasionally releases dense clouds of plasma into its surroundings. These abrupt 
releases of mass are known as coronal mass ejections (CMEs). Coronal mass ejections are 
magnificent and violent phenomena to observe. CMEs can have a serious effect on satellites 
and astronauts.   
 
 Though CMEs existed since the formation of the solar system, we have been able to observe 
them after space missions carrying coronographs, like Skylab and SOHO, went operational. 
CMEs are distinctly observed in white light coronal observations as dense plasma structure, 
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moving outwards from the surface of the Sun. They have almost similar appearance during 
sunspot maximum and sunspot minimum (Wanger, 1984). 
 
CMEs, the primary causes of heliospheric and geomagnetic disturbances, are believed to exist 
in two different classes. Studying CMEs using the LASCO instrument on board the SOHO 
satellite, researchers have proposed two types of CMEs: gradual and impulsive. 
 
Gradual CMEs are generated when prominences and their cavities grow from below coronal 
streamers and their leading edge can eventually attain a speed in the range of 400 to 600kms
-1
 
before reaching a distance 30 times the radius of the Sun. Impulsive CMEs on the other hand 
are associated with flares and Moreton waves. Between a distance of 2-30Rʘ   these CMEs 
travel at a uniform speed. At large distances, however, impulsive CMEs tend to slow down 
(Moon, 2002). 
  
A typical CME can have a mass of up to 10
13
 kg and can travel at a speed of about 1000 km/s. 
CMEs can originate from any part of the corona but they are seen to emerge more often from 
the lower latitudes of the corona than the polar regions. CMEs have an average occurrence 
rate of one per day during solar minimum and about five times a day during solar maximum. 
Despite this high occurrence rate, quite a small portion of them are directed towards the Earth.  
 
The reason for the eruption of CMEs is still up for debate. One of the leading theories tries to 
explain the CMEs in association with the Sun trying to reduce its energy. As the Sun 
progresses through its cycle its coronal magnetic field starts to twist and it entangles itself 
with the new fields that are generated at the solar photosphere. Maintaining this complex 
structure needs high energy. As the complexity increases the Sun has to either release or 
maintain the complexity. It is more economical for the Sun to release the complex magnetic 
field than maintaining it. This leads to the eruption of the magnetic fiend from the solar 
corona. This, in turn, leads the formation of CMEs (Howard, 2011). 
 
Detailed studies of almost all coronography indicated a very strong association between 
CMEs and solar flares. The studies have also determined CMEs are closely associated with 
other surface phenomena such as eruptive filaments. The association is primarily based on a 
method called time-window criterion (Zhang, et al, 2001). In this project, the time-window 
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criterion is used to try to determine the relation (if there is any) solar energetic particles have 
with CMEs, ICMEs, or solar fares during the 23
rd
 solar cycle.   
 
Observations have also revealed that the longer solar flare lasts the higher is its likelihood to 
be associated with CMEs. It is also determined from observations that solar flares are born 
within the angular span of CMEs (Zhang, et al, 2001).  
 
The best way to observe CMEs is by coronograph that has an occulter (a specimen that blocks 
the light coming from the solar disk allowing the much dimmer surrounding to be observed). 
CMEs grow into a dominant recognizable structure and attain their maximum speed before 
emerging from the occulter which usually covers an area with a radius larger than 2Rʘ. This 
makes the early development and acceleration of CMEs unobservable leaving us with a 
limited knowledge of the origins of CMEs. Lack of information about the very early stages of 
CMEs has in some cases created confusions on the relationship between CMEs, solar flares 
and other surface phenomena (Zhang et al, 2004).  However, with the launch of the Solar 
Dynamics Observatory (SDO) in 2010 scientists now have a clearer picture of the Sun’s 
surface phenomena (Pesnell, 2015). 
 
During the 23
rd
 solar cycle LASCO has delivered an unparalleled observational data of 
CMEs. The frequency of CMEs has been found to strictly follow the solar activity cycle. 
Before the SOHO/LASCO era the average appearance rate of CMEs varied from 0.2 a day 
during solar minimum to 3.5 a day during solar maximum. With the high sensitivity of 
LASCO at our disposal now, we are able to detect about 0.5 CMEs per day during solar 
minimum and about 6 during solar maximum (Chen, 2011). 
 
19 
 
  
Fig 2.5 Coronal mass ejection recorded by SOHO/LASCO in the summer of 
1998. 
 
 
2.4 Interplanetary Coronal Mass Ejections  
 
Interplanetary coronal mass ejections (ICMEs), as the name itself might indicate, are the 
interplanetary manifestations of CMEs (Kunow, 2007). ICMEs are sometimes associated with 
large interplanetary magnetic fields (IMFs) and shock waves.  They are also known to cause 
geomagnetic storms, which are associated in particular with periods of strong southward IMF. 
Plasma and magnetic field data from Helios 1 and 2, WIND, ACE and Ulysses have been 
used for the hunt of ICMEs (Liu, 2005).  ICMEs are observed to arise from closed field 
regions of the Sun and drive shocks, and these shocks accelerate charged particles.  
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Fig 2.6 When a coronal mass ejection travels into interplanetary space, it creates a huge 
magnetic cloud containing ionized particles and electrons with it.  
 
Investigations of ICMEs use the observations of plasma composition and energetic particle 
signatures to identify them. When compared to the ambient solar wind, ICMEs have a large-
scale magnetic structure with magnified field strength. They also have a unique plasma and 
composition signatures as compared to the background solar wind that engulfs them 
(Gopalswamy, 2006).  
 
According to Cane and Richardson (2003), the rate of ICME observation seems to go up as 
the Sun moves from solar minimum to solar maximum. They have also noted that the rate 
increases with an increase in solar activity. They also determined that during the 23
rd
 solar 
cycle the rate of ICMEs is only 3% of the rate at which CMEs were recorded by LASCO 
(Cane & Richardson, 2003). 
 
2.5 Solar Flares 
 
It is currently understood that solar flares are primarily magnetic explosions showing a rapid 
motion and heating that is fuelled by magnetic energy that is stored in the field. Despite a 
likelihood of decreasing magnetic field solar flares have general outward transport of mass 
(Moore et al, 2001). According to Baiesi et al. (2006), solar flares exhibit scale invariant 
statistics. For example, the probability distribution of flare energies is a power law that varies 
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by more than eight orders of magnitude. They also have pointed out that there is a scale 
variation in the waiting time interval between flares and these characteristics varies with the 
phases of the solar cycle (Baiesi et al, 2006). Most solar flare predictions rely on the statistical 
relationships between flares and morphological development of sunspots. Despite its common 
use this method cannot determine the physical connection between flares and magnetic field 
evolution. (Rong et al, 2006). The total energy of a large solar flare, which is predominantly 
kinetic and radiation, is about 3 x 10
25 
joules. The source of the energy in solar flares is 
magnetic as the other forms of energy are completely insufficient (Priest & Forbes, 2001). 
 
 
Fig 2.7 Three X-class flares erupted from the eastern limb of the Sun June 10-11, 2014. These 
images are from NASA's Solar Dynamics Observatory and show light in a blend of two 
ultraviolet wavelengths: 171 and 131 angstroms. 
 
Benz (2001), tried to classify solar flares into four classes. The first type of flares is 
archetypal flares which are impulsive and compact in space. These types of flares are found in 
the loops of active regions of the Sun. The second type are large flares that occur at higher 
altitudes and their presence is preceded by a dying prominence. The third type is high corona 
flares and they appear even at higher altitude than the second type of flares. The fourth type is 
small energy flares and is observed in quiet regions of the Sun (Benz, 2001).  
 
Solar flares occur primarily in magnetic regions with strong field gradients, long polarity-
inversion lines, complex polarity patterns or sunspot umbrae containing both polarities within 
a common penumbra.  It is now determined that the existence of electrical currents embedded 
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in magnetic flux are the key in driving active regions for flares (Schrijver, 2007). 
 
2.6 Solar Energetic Particles  
 
Solar energetic particles(SEPs) refer to a sudden and temporary increase in the cosmic  ray 
flux  which are related to solar flares or interplanetary shocks originating from the Sun. SEPs 
can generally be classified as impulsive and gradual events based on the duration of X-ray 
emission (Ruffolo, 2002). Impulsive events are characterized by low intensity, short life time. 
They have increased 
3
He and electrons as compared to protons. They are known to be caused 
by solar flares. Gradual events are characterized by high flux of protons and have generally 
long life time sometimes up to a month. They are generated by CMEs (Zhang et al, 2009). 
One of the basic problems in modern astrophysics has been accurately measuring the 
interactions between cosmic rays and turbulent magnetic fields. The study of the propagation 
of SEPs has provided scientists a unique opportunity to test model predictions to solve the 
problem (Dröge, 2004).   
 
It has been documented that during solar events particle acceleration can happen in three 
different locations. The first location is at the hot flare plasma. The proof for this comes from 
the particles’ non-thermal radiation. Flares emit hard X-rays and gamma-rays that are 
produced when the accelerated particle hit the dense chromosphoric and coronal gas below 
and around the flare site. The second location is at the shocks when they are propagating at in 
the outer corona. The evidence for this claim of has been recorded at a broad shock front 
during gradual SEP events. SEPs have been observed traveling with open field lines from the 
shock fronts. The third location is from the shocks that are travelling in the solar wind. The 
third type of acceleration is indicated by energetic storm particles, which are particle flux 
enhancements coinciding with the shock passing the spacecraft (Ruffolo, 2002). 
 
According to Gopalswamy et al (2002), Large SEPs events are generally closely associated 
with one or more CMEs. They stated that even though there exists multiple CME interaction 
with SEPs, single CME- SEP interactions are most dominant in number (Gopalswamy et al, 
2002).  
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2.7 Effects of Solar Energetic Particles on Humans and Earth 
 
SEPs have could have adverse effects on the health of astronauts and electronics of satellites. 
For this reason SEPs have become one focus of study for NASA’s Sun-Earth connection 
programs and NSF’s (National Science Foundation) space weather programs (Zhang et al, 
2009). According to Mewaldt (2006), SEPs has been identified as radiation threat to 
astronauts since the Apollo era. Manned space flights are now restricted to an altitude where 
Earth’s magnetosphere provides a protection for astronauts. With a renewed interest from 
NASA to send astronauts back the Moon, and possibly to Mars, there is a need to improve our 
ability to forecast large solar eruptions. Astronauts are endangered by mainly protons with 
energy in excess of 30MeV (Mewaldt, 2006).  
 
Geomagnetic storms could accelerate electrons from the radiation belts to relativistic energies 
from several tens of keV to several MeV. These energies are high enough to precipitate the 
electrons into the upper stratosphere. Shocks driven by CMEs could accelerate protons to 
energies up to tens or hundreds of MeV around Earth leading them to precipitate down into 
the mesosphere and the upper stratosphere.   
 
The chemical composition of Earth’s atmosphere is affected by the precipitation of SEPs. The 
acceleration of the SEPs into the atmosphere creates a chain reaction by first interacting with 
the most abundant elements (N2, O2, and O) in the atmosphere. This interaction is followed by 
the excitation, dissociation or ionization of the elements. The primary interactions that lead to 
the change in the chemical composition are dissociation and dissociative ionization of O2 and 
N2. We also have ionization of N2, O2 and O. The following are the primary interactions 
taking place in the mesosphere and lower thermosphere. 
   
O2 + p → O + O + p 
  N2 + p → N + N + p 
  N2 + p → N2
+
 + p + e– 
  O2 + p → O2
+
 + p + e– 
  N2 + p → N
+
 + N + p + e– 
  O + p → O
+
 + p + e– 
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Where p is the incident particle. In the upper thermosphere He and H could also contribute to 
the interaction (Sinnhuber et al, 2012).  
 
SEPs have been observed depleting the ozone layer in the stratosphere. A large SEP event that 
took place in November 1969 gave the first evidence that SEPs have a hand in the depletion 
of the ozone layer. An SEP event in August 1972 also showed SEPs are depleting the ozone 
layer (Jackman & Mcpeters, 2004).  
 
In 1973 Swinder and Keneshea suggested that the depletion of the ozone layer in the 
mesosphere could be a result of the production of odd hydrogen as a byproduct of ion-neutral 
reactions under disturbed conditions. The production of positive ions during particle 
precipitation results in the formation of proton hydrates (H
+
(H2O)n) and odd hydrogen.  
 
The production of odd hydrogen could lead to the destruction of odd oxygen as can be seen in 
the following catalytic process. (Solomon et al, 1983) 
  
  H   +  O3    →   OH +  O2   
 
OH  +  O   →   H +  O2   
 
HO2  +  O  →  OH + O2 
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3 Data Sets and Models 
 
In this chapter we describe the data sets and modeling tools utilized in analysis, and 
production of diagrams and graphs. 
 
3.1 Data Sets 
 
For this project we used data sets for CMEs, ICMEs and SEP events of the 23
rd
 solar cycle 
that were recorded by different instruments on board different spacecrafts. 
  
The CME data is obtained from SOHO LASCO CME catalog. This catalog has all the CMEs 
that were recorded since1996 from the LASCO instrument on board the SOHO spacecraft. It 
is important to note that since the CME identification is made manually the list might be 
incomplete. Each CME in the list is characterized by three speeds: These are, 
 
I. Linear speed that is obtained by fitting a straight line to the height-time 
measurement. 
 
II. Quadratic speed that is found by fitting a parabola to the height-time 
measurements and analyzing the speed at the final possible height measurement 
 
III. Speed obtained as a quadratic speed but evaluated at height of 20RO. 
 
  Each CME is also characterized by its mass and kinetic energy (Gopalswamy, 2005). 
 
The ICME list we used is recorded by WIND and ACE and is compiled by Jian (2012). The 
list is made as complete as possible by using the data from ACE when the data collected by 
WIND is noisy or when WIND is close to or inside the magnetosphere.  To identify the 
ICMEs a number of signatures were considered. For example, ambient magnetic field, 
magnetic field rotation, proton temperature, density ratio of alpha particle to protons, solar 
wind speed, and total perpendicular pressure (Jian, 2012).  
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The list of SEP events is obtained from SEPserver data archives. This catalogue is made using 
the data collected by ERNE on board of SOHO (Vainio et al, 2013). 
 
3.2 Models 
 
In this project we used two models, ENLIL and ENLIL with cone models, to estimate and 
analyze the structure of the heliosphere and the propagation of CMEs during an SEP event. 
 
3.2.1 ENLIL 
   
ENLIL is a three-dimensional time-dependent magnetohydrodynamic model of the 
heliosphere. It utilizes a Flux-Corrected-Transport (FTC) code to solve the conservation 
equations of mass, momentum and energy density. 
 
ENLIL can be used to model the helioshpere between 21.5 solar radii and 5AU. Its inner 
radial boundary is fixed at 21.5 solar radii where as the outer radial boundary can be adjusted 
to be at different location below 5AU. It covers 60 degrees to the north and south in latitude 
and 360 degrees in azimuth. The use of two datasets for inner boundary condition have been 
implemented in the model.  
 
3.2.2 ENLIL-with-cone 
    
ENLIL with cone model forecasts CME propagation from the ENLIL inner boundary to the 
point of interest. This model assumes that CMEs close to the Sun propagate with constant 
angular and radial velocity, hence have the shape of a cone.  
 
The input parameters for the ENLIL with cone model are, start date, and start time, cone 
latitude, cone longitude, cone radius and radial velocity (km/s) at the ENLIL inner boundary. 
Fig 3.1 shows the parameters needed in ENLIL with cone model (Odstrcil, 2004). 
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Fig 3.1 some of the parameters required in ENLIL with cone model. loncld refers to cone 
latitude, latcld for cone longitude and radcld for radius of the cone. All the three angles are 
measured in degrees 
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4. Data Analysis  
 
In the present models of solar energetic particle transport in the heliosphere it is assumed that 
the interplanetary (IP) medium has a steady-state solar wind and the magnetic field follows 
the Parker spiral structure (Agueda et al, 2008). In the presence of ICMEs along the path-way 
of the SEPs, however, the two assumptions break down. In a case like this the modeling 
requires a more advanced field. 
 
CMEs can disturb the IP field around Earth even if they are not released along the Sun-Earth 
direction. This is so because the field lines emanating from the Sun follow the Parker spiral 
structure. The motivation of this project is to study if the ENLIL and ENLIL-with-cone can 
give a proper description of the SEP events in the presence of these types of CMEs.  
 
The primary objective of this project is to identify SEP events that could be modeled using the 
assumption of Parker spiral that is preceded by the CME that accelerated the particles in the 
event towards Earth. 
 
To achieve our goal we analyzed high energy proton events in the 23
rd
 solar cycle (1997-
2006). During this time 114 high energy proton events have been recorded. The proton events 
are taken from SEPserver data archives. (Event Catalogues, 2014). SOHO (SOlar 
Heliospheric Observatory) is a space observatory launched to study the Sun from its core to 
the outer corona including solar wind. ERNE stands for Energetic and Relativistic Nuclei and 
Electron Experiment. It is designed to investigate the solar atmosphere by detecting charged 
particles produced in various solar energy release processes. There are two particle telescopes 
mounted on ERNE, Low Energy Detector (LED) and High Energy Detector (HED). 
(Valtonen, 2001). To produce the catalogue, proton events of energy range between 54.8 
MeV and 80.3 MeV were investigated.  
 
The first step in this project was to determine if the SEPs in the 23
rd
 solar cycle are associated 
with ICMEs, CMEs or solar flares. The complete list of the ICMEs recorded by WIND and 
ACE during the 23
rd
 solar cycle compiled by Dr. Lan Jian (Jian, 2012). We have used this list 
of ICMEs to analyze the association between SEPs and ICMEs. For the CMEs/ SPEs 
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association analysis we used CME events collected by SOHO/LASCO. This CME catalogue 
contains all the CME events registered by LASCO since 1996. (Gopalswamy, 2005). 
 
After we filtered the SEPs according to their association with ICMEs, CMEs, or solar flares 
we proceeded to modeling the events with ENLIL and ENLIL with cone. We also produced 
plots of the analyzed SEP events using SEPserver. 
 
4.1 ICME Analysis 
 
To find SEP events that are free from the influence of an ICME we set two criteria. The first 
criterion is time, i.e., the time gap between the ICME recorded and the SEP detection. This 
type of analysis is called time-window analysis. We only considered ICMEs that were 
observed within 4 days window on either side of (before or after) a specific SEP detection. 
We chose the 4 day time window because that is how much it actually takes for a typical slow 
solar wind travelling at a speed of 430km/s to reach the Earth from the Sun. Δt = 
1AU/430km/s = 4 days.  
 
Thus, a time window of ±4 days is suitable to detect the ICMEs that might have been at a 
distance of 1 ± 1AU (the second criterion) during the SEP event. 
 
The second criterion, for the ICMEs that fulfill the requirement of the first criterion, is 
defined by the actual position of the ICME when the SEP event was observed. We decided 
that we would only consider ICMEs that are located within a distance of 1AU on either side 
of the Earth along the Sun-Earth direction. To determine the location of the ICMEs during an 
SEP event we used the following formula, 
 
 
  P = 1AU + u (t0 – t)   (6.1) 
    
   
 Where P is the position of the ICME when the proton event was detected on Earth, u is the 
speed of the ICME, t0 is the time the proton event is recorded and t is the time the ICME is 
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detected at Earth. The values of u and t can be obtained from the above mentioned Wind and 
ACE data archive. 
 
 For easier analysis we have classified the ICMEs into three groups based on their position 
when their corresponding proton events were detected by SOHO/ERNE at 1AU. The groups 
are P less than 0.5AU, P between 0.5 and 1.5AU, and P greater than 1.5AU.  
 
It should be noted that ICMEs that are within the 4 day window but are positioned outside of 
the 1AU position restriction are not considered for the analysis. The complete list of the SEP 
events with the 4 day time window, the position (P) of the ICMEs and the speed (u) of the 
ambient solar wind when the respective ICME is detected can be found in appendix 1. The list 
of all the ICMEs of the 23
rd
 solar cycle can be found in appendix 3. 
 
4.2 CME analysis 
 
After the ICME analysis, we found out that some of the SEP events could not be associated 
with any ICME within the above mentioned criteria. From now on these SEPs will be referred 
to as ICME-clean events.  These ICME-clean events were further analyzed if they have any 
correlation with CMEs.  
 
To find out if any of the ICME-clean events could be associated with a CME we looked for 
CME that might have been released within 24 hours before the detection of an ICME-clean 
event. The candidate CMEs for the ICME-clean events can be found in appendix 2. The list of 
all the CMEs observed during the 23
rd
 solar cycle that are related SEP events can be found in 
appendix 3.  
 
4.3 ENLIL and ENLIL-with-cone modeling 
 
 The next step in the analysis is to run an ENLIL for the ICME- clean events and produce 
standard plots of the heliosphere around the Sun up to 1.3AU. The model requires the 
Carrington rotation number and the position of Earth during the SEP event. The Carrington 
rotation number for each SEP event can be excerpted from ALPO (association of lunar and 
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planetary observers) (Carrington rotation comencement dates, 2011). The Carrington 
longitude of Earth for ENLIL modeling is calculated as, 
 
 
            
    
      
    (4.3) 
 
Where t is the time the SEP event is recorded and t0 is the time when the Carrington rotation 
commenced.  Once we have the Carrington longitude of Earth during all the ICME-clean 
events, we generated an ENLIL model run for them.  
 
 
Then the ICME-clean events are modeled using the ENLIL-with-cone. All the input 
parameters used for this modeling are defined in section 5.2.2.  For each ICME-clean event 
we used different values based on the properties of the CME associated with the SEP events. 
For each CME we have a specific start date, latitude, longitude, radius and velocity that can 
be found directly or indirectly from the CME list in appendix 3. For the solar wind during the 
events, we used the values, density = 300/cc at 21.5 solar radii, temperature = 0.8 million 
kelvins, speed = 625km/s. 
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5 Results and Discussion 
 
In this section all the results of the ICME and CME analysis are presented.  
 
5.1 ICME Analysis Result 
 
 From the ICME analysis we discovered that 70 SEP events are associated with ICMEs and 
they account for 61.4% of the total SEP events recorded in the 23
rd
 solar cycle. The remaining 
43 SEP events are ICME-clean and are further analyzed for their association with CMEs. One 
of the SEP events is not included in the analysis because there is insufficient data to analyze it 
the same way as the remaining events. Figure 7.1 below shows the number of ICMEs that are 
associated with each SEP event. 
 
 
 
Fig 5.1 Relationship between number of ICMEs and SEP events. 
 
Figures 5.2a and 5.2b show how the position of the ICMEs is distributed over the SEP events. 
In the chart below P represents the position of the ICMEs during the SEP events. From the 
chart we can infer that the majority of the ICMEs are concentrated under 0.5AU during the 
SEP events. 
  
It should be noted here that some of the ICMEs might be related to the CME that have 
actually accelerated the protons in the observed SEP events. If this is the case, the ICMEs 
would not disturb the outward propagation of the SEPs and the SEP events could be regarded 
as ICME-clean events. However, we disregarded this as we could not make a positive 
identification of the CMEs that were responsible for each of the ICMEs listed in Jian (2012). 
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Fig 5.2a Number of ICME per AU at different distance ranges from the Sun during the SEP 
events 
 
Fig 5.2b Number of ICMEs per AU at different distances from the Sun during SEP events. In 
this figure overlapping ICMEs in one region (For example in P<0.5) are counted as one. 
 
5.2 CME Analysis Result 
 
In the CME analysis of the 43 ICME-clean events, we found out that there is different number 
of CMEs associated with different SEP events. For example there are SEP events that have no 
CME associated with them and there are some which have more than 9 CMEs associated with 
them. This result can be seen below in figure 7.3. 
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Fig 5.3 Distribution of number of CMEs associated with ICME-clean SEP events. Two of the 
43 clean events are not in this chart because they are flare events, hence, are not preceded by 
CME. 
 
 
To simplify our CME analysis we further restricted our focus on those SEP events that are 
associated with a maximum of three CMEs. We identified eight such SEP events. These 
CMEs are listed in table 5.1 below. The characteristics of the CMEs around these eight SEPs 
are pictorially discussed in detail in appendix 4. 
 
Date the SEPs 
recorded 
Number  
of  CMEs 
Direction of the CMEs   
Note Appearance time & 
time of the CMEs 
Direction 
and property 
13/11/1997 3 13/11/1997 09:23:56   Eastward, Slow The  slow westward CME 
is overtaken by the fast 
westward CME at around 
8Ro.  
13/11/1997 18:22:03 Westward, Slow 
13/11/1997 22:25:50 Westward, Fast 
06/05/1998 3 06/05/1998 00;02:06 Westward, Slow The fast westward CME is 
responsible for the acc. of the 
SEPs. The slow westward 
CME goes to the south soon 
after leaving the Sun. 
Therefore, the particles 
possibly accelerated the slow 
CME, do not reach Earth. 
06/05/1998 02:28:31 Eastward, Slow 
06/05/1998 08:29:13 Westward, Fast 
22/11/1998 0    
24/11/1998 1 24/11/1998 02:30:05 Westward, Fast  
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24/04/1999 2 24/04/1999 11:06:05 Westward ,Slow Both of these CMEs could 
be responsible for the 
acceleration of the SEPs as 
both affect the field lines 
connected to Earth. They 
are also very close to one 
another temporally. 
24/04/1999 13:31:15 Northward , 
Fast 
09/05/1999 3 09/05/1999 00:26:05 Eastward, Slow The north and westward 
CMEs merge at around 9Ro. 
The fast northward CME is 
responsible for the acc. of the 
SEP as it expands into the 
western hemisphere in its 
development. 
09/05/1999 14:27:49 Westward, Slow 
09/05/1999 18:27:49 Northward, Fast 
01/06/1999 2 01/06/1999 13:25:14 Westward, Slow The two CMEs merge at 
around 13Ro. The fast 
northward CME is 
responsible for the acc. of the 
SEP as because it expands 
into the west as it 
developments 
01/06/1999 19:37:35 Northward, Fast 
09/01/2000 0   
 
Table 5.1 SEP events that are associated with three or less CMEs.  The details of The       
CMEs listed in this table can be found in appendix 3.  
 
Two of the SEP events in table 5.1 have neither CME nor ICME associated with them. 
Therefore, they are considered to be flare events.  From the remaining six events only the 
event recorded on May 9, 1999 is selected for further discussion and for ENLIL with cone 
modeling. We selected this event because it is associated with a CME that is not directed 
towards Earth but has affected the Earth-connected IP field lines during its early stage.  
 
It can be noted here that even the May 9, 1999 SEP event is not entirely a clean event because 
there was a disturbance caused by an earlier westward slow CME that might have aided the 
acceleration of the particles by later fast CME to the north. In figure 5.4 we can see that the 
CME that accelerated the particles is not exactly directed to the north but to the north-west.  
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                   Fig 5.4 The development of the westward and northward CMEs on May 9, 1999.  
                  The first diagram shows the slow westward CME that started at 14:50. The  
                  remaining three show the growth of the fast northward CME that started at 18.27. 
 
 
Fig 5.5.  show the proton and X-ray flux during the May 9, 1999 SEP evet.  It can be observed 
from the picture that the proton flux has a sharp increase and falls back to the previous flux 
rate very fast. This shows that  the particle acceleration was very brief and that the CME was 
in contact with the field lines directed to Earth for a very short period of time.   
 
 
The May 9, 1999 SEP event, as can be seen from figure 5.6, is associated with three westward 
CMEs that were observed on Earth within 24 hours before the SEP event is detected. It is to 
be noted that only those CMEs that are directed westward can affect by the interplanetary 
magnetic field lines that are coming towards Earth.  
 
In figure 5.6 we can observe that there are three CMEs that are generated within the 24 hour 
time-window of the SEP event. One of them is east bound and can’t have an effect on the 
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acceleration of the particles. Therefore, it can be disregarded. The second one that is west 
bound is a slow CME and could not accelerate the particles but it could have disturbed the IP 
between the corona and the third CME. The third CME, which is north bound, is a fast CME 
and is temporally very well connected to the SEP event. So, it is this CME that accelerated the 
particles. It can also be observed from this picture that the particles were accelerated very 
briefly showing that the CME was connected to the field line for a very short period of time.  
 
As can be seen in figure 5.6 below, these two westward and northward CMEs merge at 
around 9Ro which is inside the ENLIL inner boundary (which is at 21.5Ro). Therefore, they 
are considered as one CME in ENLIL modeling. In modeling this event we used 22.5 degrees 
for the latitude of the CME, 40 degrees of the cloud radius, 615km/s for the speed of the 
CME. 
   
 
                Fig 5.5 Proton and X-ray flux during the May 9
,
 1999 SEP event.     
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Fig 5.6 SEP, CME, and X-ray observations of the heliosphere during  
The May 9, 1999 SEP event. The middle panel shows the direction, size  
and time-height profiles of the CME that accompanied the SEP event. 
 
 
5.3 Modeling Results 
 
All the 43 ICME-clean SEP events are modeled with ENLIL. The Sep event on May 9, 1999 
is modeled with ENLIL-with-cone. All the results of the modeling are attached to the 
electronic version of this thesis. They can also be obtained from CCMC website. They all can 
be searched for using Carrington rotation number. Below are the plots that are the results of 
the modeling. 
 
The following three diagrams show the disturbances in the heliosphere on May 9, 1999 
following the CME. Fig 5.7 shows the general disturbance of the heliosphere around 1AU 
after the release of the CME. Fig 5.8 shows how the velocity field of the westward CME 
propagated in the heliosphere. Fig 5.9 shows how the CME affected the magnetic field lines 
emanating from the Sun. It can be seen from the picture that the field lines directed towards 
the Earth are briefly disturbed at the start of the CME. But, in the later stages of its 
propagation the CME no more disturbs the field lines coming towards the Earth. 
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Fig 5.7 the graphics of the heliosphere during the May 9, 1999 SEP event. Earth is 
represented with the yellow dot along the zero degrees longitude.  
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Fig 5.8 the progression of the velocity field of the CME on May 9, 1999. Earth is located at 
zero degrees longitude from the Sun in this picture. 
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Fig 5.9 The magnetic field disturbance in the heliosphere following the CME on May 9, 1999. 
Earth is located at zero degree longitude from the Sun in this picture. 
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6. Conclusion and Outlook 
 
In this project we used the data from LASCO instrument on board of SOHO to analyze the 
SEP events of the 23
rd
 solar cycle.  We studied the conditions of the heliosphere during these 
SEP events. There were 114 SEP events during the 23
rd
 solar cycle. 
  
The primary goal of this project is to investigate if the heliosphere could be accurately 
modeled using the current modeling tools, like ENLIL and ENLIL-with-cone models, in the 
presence of CMEs. The current heliospheric modeling tools assume, as indicated in chapter 4, 
that the IP medium has a steady-state solar wind and that the magnetic field in the heliosphere 
follows the Parker spiral structure. However, in the presence of CMEs, these assumptions 
could fail as the magnetic field embedded within the CME could perturb the ambient solar 
wind and the Parker spiral structure of the heliosphere.  
 
To investigate this claim we searched for an SEP event in the 23
rd
 solar cycle that could be 
associated with CME, not ICME or solar flares. We found out that the SEP event on May 9, 
1999 fits to this criteria. In our quest for ICME-clean events we disregarded all SEP events 
that have associated ICMEs. Some of these ICMEs could have actually been result of CMEs 
but for lack of positive identification we only considered SEPs that are not associated with 
any ICME. 
 
As could be seen in Fig 5.6, during the May 9, 1999 SEP event there were three CMEs that 
preceded the event. But, only the northward CME have made contact with the magnetic field 
lines directed towards Earth.  Despite the brief contact, the CME have disturbed the magnetic 
field lines that are directed towards Earth and temporarily disrupted the Parker spiral structure 
of the magnetic field in the heliosphere. This claim can be seen from Fig 5.9.  
 
From the analysis of the May 9, 1999 SEP event it is evident that the current assumptions of a 
steady-state solar wind and the Parker spiral structure of the magnetic field would not always 
work.  
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Future heliospheric modeling tools should incorporate more factors than the assumption of 
Parker spiral magnetic field and steady-state solar wind in the IP medium at least during the 
presence of CMEs that would perturb the ambient heliosphere. 
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Appendix 1 
 
 List of all the SEPs observed by LASCO during the 23rd solar cycle. It also includes a 4 day time-window inside which possible ICMEs and CMEs could be investigated. The candidate ICMEs column refers to 
the list of ICMES on appendix 2.For example, 13 under the candidate ICMEs list refers to the 13
th
 ICME on appendix 2.  ICMEs located with negative P and P>2AU are not counted in the total number of 
ICMEs as we only considered ICMEs within a distance of 1AU on either side of the Earth. CR means Carrington rotation. Candidate CMEs refers to the list of CMEs on appendix 3.   
              
           
CR No 
OF 
CLEAN 
EVENTS 
  
  
 
PROTON ONSET TIME LOWER TIME LIMIT 
OF A 4 DAY TIME-
WINDOW 
UPPER TIME LIMIT OF A 
4 DAY TIME-WINDOW 
CANDIDATE 
ICMEs 
SPEED  OF THE 
SOLAR WIND  WHEN 
THE ICME WAS 
OBSERVED (KM/S) 
POSITION (P)OF THE 
ICMEs DURING THE 
SEP EVENT( AU) 
NUMBER OF ICMEs AT     
DIFFERENT P 
CANDIDATE CMES 
STARTING & 
ENDING AT 
 
  
 
P<0.5 0.5<P<1.5 P>1.5 Tot 
   
Tot 
 1 24-Sep-1997 03:59:00 20-Sep-1997 07:38:20 28-Sep-1997 00:19:40 13 490 1.64 0 0 1 1 
     2 07-Oct-1997 14:43:00 03-Oct-1997 18:22:20 11-Oct-1997 11:03:40 
   
0 0 0 0 1928 1 4 4 
 3 04-Nov-1997 06:41:00 31-Oct-1997 10:20:20 08-Nov-1997 03:01:40 17 480 0.26 1 0 0 1 
   
0 
 4 06-Nov-1997 12:37:00 02-Nov-1997 16:16:20 10-Nov-1997 08:57:40 17 480 0.89 0 1 0 1 
   
0 
 5 13-Nov-1997 22:26:00 10-Nov-1997 02:05:20 17-Nov-1997 18:46:40 
   
0 0 0 0 1929 3 5 3 3 CME 
6 14-Nov-1997 14:29:00 10-Nov-1997 18:08:20 18-Nov-1997 10:49:40 
   
0 0 0 0 1929 4 8 5 
 7 20-Apr-1998 11:33:00 16-Apr-1998 15:12:20 24-Apr-1998 07:53:40 
   
0 0 0 0 1935 9 12 4 
 8 02-May-1998 14:10:00 28-Apr-1998 17:49:20 06-May-1998 10:30:40 27,28 670,86 1.27,0.26 1 1 0 2 
   
0 
 9 06-May-1998 08:29:00 02-May-1998 12:08:20 10-May-1998 04:49:40 28 860 2.13 0 0 0 0 1935 13 15 3 3 CME 
10 09-May-1998 04:32:00 05-May-1998 08:11:20 13-May-1998 00:52:40 
   
0 0 0 0 1935 16 24 9 
 11 16-Jun-1998 20:35:00 13-Jun-1998 00:14:20 20-Jun-1998 16:55:40 
   
0 0 0 0 1937 25 28 4 
 12 18-Oct-1998 22:22:00 15-Oct-1998 02:01:20 22-Oct-1998 18:42:40 39 435 1.03 0 1 0 1 
   
0 
 13 14-Nov-1998 06:16:00 10-Nov-1998 09:55:20 18-Nov-1998 02:36:40 42 420 1.31 0 1 0 1 
   
0 
 
 14 22-Nov-1998 07:17:00 18-Nov-1998 10:56:20 26-Nov-1998 03:37:40 
   
0 0 0 0 1943 0 0 0 
no 
CME 
15 24-Nov-1998 02:53:00 20-Nov-1998 06:32:20 27-Nov-1998 23:13:40 
   
0 0 0 0 1943 29 29 1 1 CME 
16 24-Apr-1999 14:30:00 20-Apr-1999 18:09:20 28-Apr-1999 10:50:40 49 560 2.11 0 0 0 0 1948 30 31 2 2 CME 
17 09-May-1999 18:40:00 05-May-1999 22:19:20 13-May-1999 15:00:40 
   
0 0 0 0 1949 32 34 3 3 CME 
18 27-May-1999 11:16:00 23-May-1999 14:55:20 31-May-1999 07:36:40 50 415 0.66 0 1 0 1 
   
0 
 19 01-Jun-1999 19:49:00 28-May-1999 23:28:20 05-Jun-1999 16:09:40 
   
0 0 0 0 1950 35 36 2 2 CME 
20 11-Jun-1999 01:09:00 07-Jun-1999 04:48:20 14-Jun-1999 21:29:40 
   
0 0 0 0 1950 37 41 5 
 
21 09-Jan-2000 21:30:00 06-Jan-2000 01:09:20 13-Jan-2000 17:50:40 
   
0 0 0 0 1958 0 0 1 
no 
CME 
22 18-Jan-2000 18:24:00 14-Jan-2000 22:03:20 22-Jan-2000 14:44:40 68 440 0.17 1 0 0 1 
   
0 
  23 12-Feb-2000 05:15:00 08-Feb-2000 08:54:20 16-Feb-2000 01:35:40  69,70,71                  550,600,690 1.36,1.09,0.17 1 2 0 3 
   
0 
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24 17-Feb-2000 21:18:00 14-Feb-2000 00:57:20 21-Feb-2000 17:38:40 71,72 690,468 2.43,0.19 1 0 0 1 
   
0 
  25 18-Feb-2000 09:47:00 14-Feb-2000 13:26:20 22-Feb-2000 06:07:40 71,72 690,468 2.64,0.08 1 0 0 1 
   
0 
 26 2-Mar-2000  9:13:00 27-Feb-2000 12:52:20 6-March-2000  5:33:40 73 542 1.39 0 1 0 1 
   
0 
 27 3-Mar-2000  2:47:00 28-Feb-2000 06:26:20 6-March-2000  23:07:40 73 542 1.62 0 0 1 1 
   
0 
  28 04-Apr-2000 16:03:00 31-Mar-2000 19:42:20 08-Apr-2000 12:23:40 75,76 430,630 1.27,0.27, 1 1 0 2 
   
0 
 29 23-Apr-2000 14:00:00 19-Apr-2000 17:39:20 27-Apr-2000 10:20:40 
   
0 0 0 0 1962 42 47 6 
 30 06-Jun-2000 18:25:00 02-Jun-2000 22:04:20 10-Jun-2000 14:45:40 78,79 550,800 1.68,0.26 1 0 1 2 
   
0 
 31 10-Jun-2000 17:26:00 06-Jun-2000 21:05:20 14-Jun-2000 13:46:40 79,80, 800,580 2.08,0.27 1 0 0 1 
   
0 
 32 18-Jun-2000 02:29:00 14-Jun-2000 06:08:20 21-Jun-2000 22:49:40 
   
0 0 0 0 1964 48 51 4 
 33 14-Jul-2000 10:37:00 10-Jul-2000 14:16:20 18-Jul-2000 06:57:40 83,84 540,680 1.93,1.41 0 2 0 2 
   
0 
 34 22-Jul-2000 12:03:00 18-Jul-2000 15:42:20 26-Jul-2000 08:23:40 87 650 2.08 0 0 0 0 1965 52 55 4 
 35 27-Jul-2000 23:06:00 24-Jul-2000 02:45:20 31-Jul-2000 19:26:40 88,89 400,485 1.28,0.92 0 2 0 2 
   
0 
 36 12-Sep-2000 13:09:00 08-Sep-2000 16:48:20 16-Sep-2000 09:29:40 
   
0 0 0 0 1967 56 60 5 
 37 16-Oct-2000 07:39:00 12-Oct-2000 11:18:20 20-Oct-2000 03:59:40 98 490 1.92 0 0 1 1 
   
0 
 38 25-Oct-2000 12:40:00 21-Oct-2000 16:19:20 29-Oct-2000 09:00:40 99 415 0.31 1 0 0 1 
   
0 
 39 08-Nov-2000 23:20:00 05-Nov-2000 02:59:20 12-Nov-2000 19:40:40 100,101,102 615,960,970 1.92,0.28,-0.23 1 0 1 2 
   
0 
 40 24-Nov-2000 05:43:00 20-Nov-2000 09:22:20 28-Nov-2000 02:03:40 
   
0 0 0 0 1970 61 75 15 
 41 05-Jan-2001 18:33:00 01-Jan-2001 22:12:20 09-Jan-2001 14:53:40 
   
0 0 0 0 1971 76 81 6 
 42 21-Jan-2001 04:40:00 17-Jan-2001 08:19:20 25-Jan-2001 01:00:40 106 565 0.27 1 0 0 1 
   
0 
 43 28-Jan-2001 16:58:00 24-Jan-2001 20:37:20 01-Feb-2001 13:18:40 107 485 0.26 1 0 0 1 
   
0 
 44 29-Mar-2001  11:49:00 25-Mar-2001  15:28:20 02-Apr-2001 08:09:40  110,111,112,113 445,650,770,830 1.62,1.65,0.32,-0.16 1 0 2 3 
   
0 
 45 02-Apr-2001 12:24:00 29-Mar-2001  16:03:20 06-Apr-2001 08:44:40 112,113,114 770,830,800 2.11,1.77,0.04 1 0 1 2 
   
0 
 46 02-Apr-2001 22:41:00 30-Mar-2001  2:20:20 06-Apr-2001 19:01:40 112,113,114 770,830,800 2.30,1.98,0.24 1 0 1 2 
   
0 
 47 09-Apr-2001 16:20:00 05-Apr-2001 19:59:20 13-Apr-2001 12:40:40 115,116,117,118 560,800,740,830 1.64,1.57,0.20,-0.73 1 0 2 3 
   
0 
 48 10-Apr-2001 07:34:00 06-Apr-2001 11:13:20 14-Apr-2001 03:54:40 115,116,117,118 560,800,740,830 1.84,1.87,0.47,-0.43 1 0 2 3 
   
0 
 49 12-Apr-2001 11:01:00 08-Apr-2001 14:40:20 16-Apr-2001 07:21:40 117,118 740,830 1.39,0,60 1 1 0 2 
   
0 
 50 15-Apr-2001 14:05:00 11-Apr-2001 17:44:20 19-Apr-2001 10:25:40 118,119 830,530 2.10,0.26 1 0 0 1 
   
0 
 51 18-Apr-2001 02:51:00 14-Apr-2001 06:30:20 21-Apr-2001 23:11:40 119,120 530,390 1.04,0.21 1 1 0 2 
   
0 
 52 07-May-2001 13:05:00 03-May-2001 16:44:20 11-May-2001 09:25:40 
   
0 0 0 0 1976 82 85 4 
 53 20-May-2001 06:49:00 16-May-2001 10:28:20 24-May-2001 03:09:40 
   
0 0 0 0 1976 86 91 6 
 54 04-Jun-2001 17:13:00 31-May-2001 20:52:20 08-Jun-2001 13:33:40 
   
0 0 0 0 1977 92 102 11 
 55 15-Jun-2001 16:08:00 11-Jun-2001 19:47:20 19-Jun-2001 12:28:40 
   
0 0 0 0 1977 103 108 6 
 56 19-Jun-2001 04:17:00 15-Jun-2001 07:56:20 23-Jun-2001 00:37:40 
   
0 0 0 0 1977 109 116 8 
 57 10-Aug-2001 07:22:00 06-Aug-2001 11:01:20 14-Aug-2001 03:42:40 
   
0 0 0 0 1979 107 121 15 
 58 15-Sep-2001 12:24:00 11-Sep-2001 16:03:20 19-Sep-2001 08:44:40 129 480 0.34 1 0 0 1 
   
0 
 59 24-Sep-2001 11:18:00 20-Sep-2001 14:57:20 28-Sep-2001 07:38:40 130 740 0.41 1 0 0 1 
   
0 
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60 01-Oct-2001 08:53:00 27-Sep-2001 12:32:20 05-Oct-2001 05:13:40 131,132,133,134 725,560,600,590 1.83,1.19,0.44,0.13 2 1 1 4 
   
0 
 61 19-Oct-2001 01:58:00 15-Oct-2001 05:37:20 22-Oct-2001 22:18:40 135 680 -0.02 0 0 0 0 1982 122 127 6 
  62 19-Oct-2001 17:22:00 15-Oct-2001 21:01:20 23-Oct-2001 13:42:40 135 680 0.23 1 0 0 1 
   
0 
 63 22-Oct-2001 15:51:00 18-Oct-2001 19:30:20 26-Oct-2001 12:11:40 135 680 1.39 0 1 0 1 
   
0 
 64 04-Nov-2001 16:45:00 31-Oct-2001 20:24:20 08-Nov-2001 13:05:40 138 0 0 -- -- -- ##### 
   
0 
 65 22-Nov-2001 20:54:00 19-Nov-2001 00:33:20 26-Nov-2001 17:14:40 141,142, 580,970 2.05,0.23 1 0 0 1 
   
0 
 66 26-Dec-2001 05:48:00 22-Dec-2001 09:27:20 30-Dec-2001 02:08:40 143,144 430,700 0.27,-0.85 1 0 0 1 
   
0 
 67 10-Jan-2002 10:30:00 06-Jan-2002 14:09:20 14-Jan-2002 06:50:40 
   
0 0 0 0 1985 128 132 5 
 68 14-Jan-2002 08:03:00 10-Jan-2002 11:42:20 18-Jan-2002 04:23:40 
   
0 0 0 0 1985 133 138 6 
 69 27-Jan-2002 13:38:00 23-Jan-2002 17:17:20 31-Jan-2002 09:58:40 
   
0 0 0 0 1985 139 142 4 
 70 20-Feb-2002 05:58:00 16-Feb-2002 09:37:20 24-Feb-2002 02:18:40 
   
0 0 0 0 1986 143 146 4 
 71 18-Mar-2002  4:16:00 14-Mar-2002  7:55:20 22-March-2002  0:36:40 146,147 480,616 0.90,0.15 1 1 0 2 
   
0 
 72 17-Apr-2002 10:32:00 13-Apr-2002 14:11:20 21-Apr-2002 06:52:40 149,150,151 440,640,650 1.75,0.99,0.28 1 1 1 3 
   
0 
 73 21-Apr-2002 01:45:00 17-Apr-2002 05:24:20 24-Apr-2002 22:05:40 151,152 650,650 1.65,0.21 1 0 1 2 
   
0 
 74 22-May-2002 06:46:00 18-May-2002 10:25:20 26-May-2002 03:06:40 155,156,157 500,533,975 2.00,1.66,0.35 1 0 1 2 
   
0 
 75 07-Jul-2002 12:13:00 03-Jul-2002 15:52:20 11-Jul-2002 08:33:40 
   
0 0 0 0 1991 147 151 5 
 76 16-Jul-2002 10:31:00 12-Jul-2002 14:10:20 20-Jul-2002 06:51:40 158,159 540,925 0.62,-0.58 0 1 0 1 
   
0 
 77 14-Aug-2002 06:44:00 10-Aug-2002 10:23:20 18-Aug-2002 03:04:40 
   
0 0 0 0 1993 152 158 7 
 78 18-Aug-2002 22:44:00 15-Aug-2002 02:23:20 22-Aug-2002 19:04:40 164 600 1.07 0 1 0 1 
   
0 
 79 20-Aug-2002 08:46:00 16-Aug-2002 12:25:20 24-Aug-2002 05:06:40 164 600 1.56 0 0 1 1 
   
0 
 80 22-Aug-2002 02:30:00 18-Aug-2002 06:09:20 25-Aug-2002 22:50:40 164 600 2.16 0 0 0 0 1993 159 167 9 
 81 24-Aug-2002 01:35:00 20-Aug-2002 05:14:20 27-Aug-2002 21:55:40 165 430 0.40 1 0 0 1 
   
0 
 82 06-Sep-2002 04:01:00 02-Sep-2002 07:40:20 10-Sep-2002 00:21:40 166,167 620,552 0.46,0.12 2 0 0 2 
   
0 
 83 09-Nov-2002 14:37:00 05-Nov-2002 18:16:20 13-Nov-2002 10:57:40 
   
0 0 0 0 1996 168 171 4 
 84 19-Dec-2002 22:21:00 16-Dec-2002 02:00:20 23-Dec-2002 18:41:40 
   
0 0 0 0 1997 172 175 4 
 85 23-Apr-2003 01:32:00 19-Apr-2003 05:11:20 26-Apr-2003 21:52:40 
   
0 0 0 0 2002 176 179 4 
 86 28-May-2003 01:54:00 24-May-2003 05:33:20 31-May-2003 22:14:40 177,178,179 690,800,850 0.44,0.22,-0.27 2 0 0 2 
   
0 
 87 31-May-2003 02:56:00 27-May-2003 06:35:20 03-Jun-2003 23:16:40 177,178,179 690,800,850 1.65,1.62,1.23 0 1 2 3 
   
0 
 88 26-Oct-2003 17:55:00 22-Oct-2003 21:34:20 30-Oct-2003 14:15:40 187,188,189 605,600,0 1.74,1.79,-- 0 0 2 2 
   
0 
 89 28-Oct-2003 11:18:00 24-Oct-2003 14:57:20 01-Nov-2003 07:38:40 188,189,190 600,0,1200 1.74,--,-0.79 0 1 1 2 
   
0 
 90 02-Nov-2003 10:05:00 29-Oct-2003 13:44:20 06-Nov-2003 06:25:40 190,191 1200,770 2.64,0.19 1 0 0 1 
   
0 
 91 02-Nov-2003 17:54:00 29-Oct-2003 21:33:20 06-Nov-2003 14:14:40 190,191 1200,770 2.86,0.33 1 0 0 1 
   
0 
 92 20-Nov-2003 08:59:00 16-Nov-2003 12:38:20 24-Nov-2003 05:19:40 194 720 1.03 0 1 0 1 
   
0 
 93 11-Apr-2004 5:00:00 07-Apr-2004 08:39:20 15-Apr-2004 01:20:40 199,200 520,510 1.12,0.55 1 1 0 2 
   
0 
 94 13-Jul-2004 01:34:00 09-Jul-2004 05:13:20 16-Jul-2004 21:54:40 
   
0 0 0 0 2018 180 185 6 
 95 22-Jul-2004 17:33:00 18-Jul-2004 21:12:20 26-Jul-2004 13:53:40 203,204,205 700,640,700 1.13,0.44,-0.21 1 1 0 2 
   
0 
 
47 
 
 
 
 
 
 
 
 
 
 96 25-Jul-2004 16:59:00 21-Jul-2004 20:38:20 29-Jul-2004 13:19:40 203,204,205,206 700,640,700,1025 2.33,1.55,0.99,0.27 1 1 1 3 
   
0 
 97 01-Nov-2004 06:15:00 28-Oct-2004 09:54:20 05-Nov-2004 02:35:40 
   
0 0 0 0 2022 186 192 7 
 98 07-Nov-2004 16:54:00 03-Nov-2004 20:33:20 11-Nov-2004 13:14:40 211 815 0.03 1 0 0 1 
   
0 
  99 09-Nov-2004 18:43:00 05-Nov-2004 22:22:20 13-Nov-2004 15:03:40 211,212 815,720 1.01,0.20 1 1 0 2 
   
0 
 100 10-Nov-2004 02:46:00 06-Nov-2004 06:25:20 13-Nov-2004 23:06:40 211,212 815,720 1.17,0.34 1 1 0 2 
   
0 
 101 15-Jan-2005 06:59:00 11-Jan-2005 10:38:20 19-Jan-2005 03:19:40 217,218,219 605,840,2000 0.61,0.02,-2.24 1 1 0 2 
   
0 
 102 15-Jan-2005 23:35:00 12-Jan-2005 03:14:20 19-Jan-2005 19:55:40 217,218,219 605,840,2000 0.86,0.36,-1.44 1 1 0 2 
   
0 
 103 13-May-2005 18:43:00 09-May-2005 22:22:20 17-May-2005 15:03:40 227 1000 0.24 1 0 0 1 
   
0 
 104 16-Jun-2005 20:35:00 13-Jun-2005 00:14:20 20-Jun-2005 16:55:40 231 570 1.69 0 0 1 1 
   
0 
 105 13-Jul-2005 22:23:00 10-Jul-2005 02:02:20 17-Jul-2005 18:43:40 232,233,234 460,430,510 2.01,0.47,0.09 2 0 0 2 
   
0 
 106 14-Jul-2005 11:59:00 10-Jul-2005 15:38:20 18-Jul-2005 08:19:40 
   
0 0 0 0 2032 193 200 8 
 107 17-Jul-2005 13:03:00 13-Jul-2005 16:42:20 21-Jul-2005 09:23:40 
   
0 0 0 0 2032 201 207 7 
 108 22-Aug-2005 02:27:00 18-Aug-2005 06:06:20 25-Aug-2005 22:47:40 236 660 0.30 1 0 0 1 
   
0 
 109 22-Aug-2005 17:53:00 18-Aug-2005 21:32:20 26-Aug-2005 14:13:40 
   
0 0 0 0 2033 208 214 7 
 110 29-Aug-2005 14:28:00 25-Aug-2005 18:07:20 02-Sep-2005 10:48:40 
   
0 0 0 0 2033 215 218 4 
 111 06-Jul-2006 09:37:00 02-Jul-2006 13:16:20 10-Jul-2006 05:57:40 250  450  0.10 1 0 0 1 
   
0 
 112 13-Dec-2006 02:59:00 09-Dec-2006 06:38:20 16-Dec-2006 23:19:40 255,256 990,680 0.17,-0.42 1 0 0 1 
   
0 
 113 14-Dec-2006 13:52:00 10-Dec-2006 17:31:20 18-Dec-2006 10:12:40 255,256 990,680 1,0.15 1 1 0 2 
   
0 
 114 14-Dec-2006 23:08:00 11-Dec-2006 02:47:20 18-Dec-2006 19:28:40 255,256 990,680 1.22,0.31 1 1 0 2 
   
0 
  
48 
 
 
 
 
Appendix 2. This is the list of candidate ICMEs to which Appendix 1 is referring to as a possible candidate 
for the acceleration of the SEPs. This list taken from the list of ICMEs observed by WIND and ACE. 
  
1 10-Jan-1997 00:50:00 
2 09-Feb-1997 13:40:00 
3 11-Feb-1997 04:15:00 
4 11-Apr-1997 05:52:00 
5 21-Apr-1997 12:00:00 
6 15-May-1997 01:20:00 
7 07-Jun-1997 23:30:00 
8 19-Jun-1997 00:12:00 
9 15-Jul-1997 09:05:00 
10 03-Aug-1997 13:50:00 
11 03-Sep-1997 13:20:00 
12 18-Sep-1997 04:00:00 
13 21-Sep-1997 22:05:00 
14 01-Oct-1997 17:10:00 
15 12-Oct-1997 00:01:00 
16 27-Oct-1997 06:20:00 
17 06-Nov-1997 22:20:00 
18 22-Nov-1997 09:10:00 
19 10-Dec-1997 04:30:00 
20 30-Dec-1997 01:14:00 
21 06-Jan-1998 13:30:00 
22 28-Jan-1998 15:57:00 
23 04-Feb-1998 04:35:00 
24 17-Feb-1998 09:00:00 
25 4-March-1998  14:37:00 
26 6-March-1998  11:00:00 
27 01-May-1998 21:21:00 
28 04-May-1998 02:03:00 
29 02-Jun-1998 10:28:00 
30 24-Jun-1998 13:00:00 
31 10-Jul-1998 19:39:00 
32 12-Jul-1998 05:14:00 
33 10-Aug-1998 00:31:00 
34 19-Aug-1998 18:40:00 
35 26-Aug-1998 06:40:00 
36 23-Sep-1998 04:00:00 
37 24-Sep-1998 23:21:00 
38 02-Oct-1998 06:54:00 
39 18-Oct-1998 19:29:00 
40 23-Oct-1998 12:35:00 
41 07-Nov-1998 22:00:00 
42 13-Nov-1998 00:00:00 
43 30-Nov-1998 04:18:00 
44 26-Dec-1998 09:56:00 
45 28-Dec-1998 17:35:00 
46 22-Jan-1999 19:48:00 
47 18-Feb-1999 02:10:00 
48 16-Apr-1999 10:36:00 
49 21-Apr-1999 04:23:00 
50 28-May-1999 21:40:00 
 
51 26-Jun-1999 05:47:00 
52 02-Jul-1999 00:26:00 
53 06-Jul-1999 14:17:00 
54 07-Jul-1999 21:32:00 
55 12-Jul-1999 01:22:00 
56 30-Jul-1999 19:10:00 
57 04-Aug-1999 01:17:00 
58 09-Aug-1999 10:18:00 
59 21-Aug-1999 16:00:00 
60 15-Sep-1999 07:20:00 
61 22-Sep-1999 11:46:00 
62 21-Oct-1999 02:21:00 
63 12-Nov-1999 18:20:00 
64 22-Nov-1999 01:56:00 
65 12-Dec-1999 16:55:00 
66 14-Dec-1999 03:40:00 
67 26-Dec-1999 21:28:00 
68 22-Jan-2000 00:23:00 
69 11-Feb-2000 02:13:00 
70 11-Feb-2000 23:19:00 
71 14-Feb-2000 06:57:00 
72 20-Feb-2000 21:00:00 
73 1-Mar-2000  3:30:00 
74 29-Mar-2000  23:30:00 
75 03-Apr-2000 13:56:00 
76 06-Apr-2000 16:32:00 
77 07-May-2000 00:00:00 
78 04-Jun-2000 14:50:00 
79 08-Jun-2000 09:05:00 
80 12-Jun-2000 22:00:00 
81 23-Jun-2000 12:28:00 
82 01-Jul-2000 01:00:00 
83 11-Jul-2000 11:24:00 
84 13-Jul-2000 09:19:00 
85 14-Jul-2000 15:00:00 
86 15-Jul-2000 14:16:00 
87 19-Jul-2000 14:49:00 
88 26-Jul-2000 17:55:00 
89 28-Jul-2000 05:43:00 
90 10-Aug-2000 04:08:00 
91 11-Aug-2000 18:12:00 
92 02-Sep-2000 12:00:00 
93 04-Sep-2000 12:45:00 
94 06-Sep-2000 16:15:00 
95 17-Sep-2000 14:09:00 
96 03-Oct-2000 01:02:00 
97 05-Oct-2000 03:29:00 
98 12-Oct-2000 22:33:00 
99 28-Oct-2000 09:32:00 
100 06-Nov-2000 09:30:00 
 
101 10-Nov-2000 06:20:00 
102 11-Nov-2000 04:13:00 
103 28-Nov-2000 04:58:00 
104 03-Dec-2000 03:21:00 
105 13-Jan-2001 02:27:00 
106 23-Jan-2001 10:07:00 
107 31-Jan-2001 08:37:00 
108 4-Mar-2001  5:00:00 
109 19-Mar-2001  11:34:00 
110 27-Mar-2001  2:02:00 
111 27-Mar-2001  18:07:00 
112 31-Mar-2001 00:23:00 
113 31-Mar-2001 21:40:00 
114 04-Apr-2001 14:23:00 
115 07-Apr-2001 17:00:00 
116 08-Apr-2001 10:32:00 
117 11-Apr-2001 13:15:00 
118 13-Apr-2001 07:07:00 
119 18-Apr-2001 00:05:00 
120 21-Apr-2001 15:08:00 
121 28-Apr-2001 04:32:00 
122 27-May-2001 14:47:00 
123 27-Jun-2001 03:00:00 
124 09-Jul-2001 03:00:00 
125 03-Aug-2001 07:19:00 
126 05-Aug-2001 01:15:00 
127 17-Aug-2001 11:02:00 
128 27-Aug-2001 19:38:00 
129 17-Sep-2001 21:45:00 
130 25-Sep-2001 20:18:00 
131 29-Sep-2001 09:06:00 
132 30-Sep-2001 18:47:00 
133 02-Oct-2001 23:24:00 
134 03-Oct-2001 22:00:00 
135 21-Oct-2001 16:14:00 
136 28-Oct-2001 02:43:00 
137 31-Oct-2001 13:48:00 
138 05-Nov-2001 19:31:00 
139 14-Nov-2001 08:00:00 
140 15-Nov-2001 18:00:00 
141 19-Nov-2001 17:36:00 
142 24-Nov-2001 05:52:00 
143 29-Dec-2001 04:49:00 
144 30-Dec-2001 19:33:00 
145 28-Feb-2002 05:07:00 
146 18-Mar-2002  13:15:00 
147 20-Mar-2002  13:20:00 
148 23-Mar-2002  11:25:00 
149 14-Apr-2002 11:49:00 
150 17-Apr-2002 11:02:00 
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151 19-Apr-2002 08:27:00 
152 23-Apr-2002 04:15:00 
153 10-May-2002 11:14:00 
154 11-May-2002 10:30:00 
155 18-May-2002 19:20:00 
156 20-May-2002 03:35:00 
157 23-May-2002 10:16:00 
158 17-Jul-2002 15:26:00 
159 19-Jul-2002 09:32:00 
160 25-Jul-2002 13:00:00 
161 29-Jul-2002 12:42:00 
162 01-Aug-2002 04:25:00 
163 01-Aug-2002 22:20:00 
164 18-Aug-2002 18:10:00 
165 26-Aug-2002 11:15:00 
166 07-Sep-2002 16:22:00 
167 08-Sep-2002 22:25:00 
168 19-Sep-2002 06:17:00 
169 30-Sep-2002 07:55:00 
170 02-Oct-2002 22:41:00 
171 16-Nov-2002 23:04:00 
172 26-Nov-2002 21:10:00 
173 01-Feb-2003 13:13:00 
174 17-Feb-2003 21:51:00 
175 20-Mar-2003  4:21:00 
176 09-May-2003 04:56:00 
177 29-May-2003 11:52:00 
178 29-May-2003 18:30:00 
179 30-May-2003 15:53:00 
180 15-Jun-2003 06:17:00 
181 17-Jun-2003 00:30:00 
182 06-Jul-2003 12:25:00 
183 23-Jul-2003 14:00:00 
184 04-Aug-2003 19:30:00 
185 18-Aug-2003 01:13:00 
186 21-Oct-2003 23:00:00 
187 24-Oct-2003 14:49:00 
188 26-Oct-2003 08:10:00 
189 29-Oct-2003 08:42:00 
190 31-Oct-2003 01:27:00 
191 04-Nov-2003 06:00:00 
192 06-Nov-2003 19:20:00 
193 15-Nov-2003 05:19:00 
194 20-Nov-2003 07:28:00 
195 09-Jan-2004 14:51:00 
196 22-Jan-2004 01:05:00 
197 23-Jan-2004 14:21:00 
198 03-Apr-2004 09:55:00 
199 10-Apr-2004 19:27:00 
200 12-Apr-2004 17:36:00 
 
 
 
 
 
 
 
 
    201 26-Apr-2004 15:18:00 
202 30-Apr-2004 16:00:00 
203 22-Jul-2004 09:55:00 
204 24-Jul-2004 05:31:00 
205 25-Jul-2004 17:34:00 
206 26-Jul-2004 22:29:00 
207 29-Aug-2004 09:08:00 
208 13-Sep-2004 19:45:00 
209 18-Sep-2004 12:10:00 
210 22-Sep-2004 05:54:00 
211 09-Nov-2004 18:21:00 
212 11-Nov-2004 16:49:00 
213 11-Dec-2004 12:57:00 
214 27-Dec-2004 04:48:00 
215 07-Jan-2005 08:38:00 
216 08-Jan-2005 20:13:00 
217 16-Jan-2005 09:27:00 
218 17-Jan-2005 07:15:00 
219 18-Jan-2005 02:20:00 
220 21-Jan-2005 16:48:00 
221 30-Jan-2005 23:01:00 
222 18-Feb-2005 15:00:00 
223 21-Feb-2005 01:48:00 
224 22-Feb-2005 16:26:00 
225 21-Mar-2005  6:15:00 
226 07-May-2005 18:26:00 
227 15-May-2005 02:10:00 
228 20-May-2005 03:35:00 
229 29-May-2005 09:00:00 
230 12-Jun-2005 06:49:00 
231 14-Jun-2005 17:56:00 
232 10-Jul-2005 02:42:00 
233 16-Jul-2005 01:41:00 
234 17-Jul-2005 00:53:00 
235 08-Aug-2005 23:10:00 
236 23-Aug-2005 22:47:00 
237 02-Sep-2005 13:50:00 
238 09-Sep-2005 13:33:00 
239 11-Sep-2005 00:58:00 
240 12-Sep-2005 06:03:00 
241 13-Sep-2005 08:54:00 
242 15-Sep-2005 08:36:00 
243 31-Oct-2005 02:43:00 
244 30-Dec-2005 23:45:00 
245 01-Jan-2006 13:26:00 
246 05-Feb-2006 19:00:00 
247 14-Mar-2006  11:30:00 
248 13-Apr-2006 11:12:00 
249 17-Jun-2006 21:30:00 
250 09-Jul-2006 20:40:00 
 
 
 
 
 
 
 
 
   251 19-Aug-2006 10:57:00 
252 30-Sep-2006 07:53:00 
253 29-Nov-2006 05:00:00 
254 08-Dec-2006 04:02:00 
255 14-Dec-2006 13:52:00 
256 16-Dec-2006 17:34:00 
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Appendix 3. List of candidate CMEs that are associated with SEP events during the 23rd solar 
cycle as observed by SOHO. 
 
 
 
CME appearance date 
central 
PA 
(deg) 
Angular 
width 
(deg) 
Speed  
(Km/s) 
 
1 06-oct-1997 15:28:20 139 174 293 
2 07-oct-1997 13:30:05 246 167 1271 
3 13-nov-1997 09:23:56   76 69 228 
4 13-nov-1997 18:22:03 268 73 202 
5 13-nov-1997 22:25:50 328 288 546 
6 14-nov-1997 02:15:21 92 44 449 
7 14-nov-1997 10:14:03 79 86 1042 
8 14-nov-1997 13:36:50 320 217 702 
9 19-apr-1998 15:40:57 304 19 559 
10 20-apr-1998 03:16:27 237 43 316 
11 20-apr-1998 07:05.01 87 106 379 
12 20-apr-1998 10:07:11 284 >243 1863 
13 06-may-1998  00:02:06 274 110 786 
14 06-may-1998  02:28:31 88 91 375 
15 06-may-1998 08:29:13 309 190 1099 
16 08-may-1998 13:01:23 84 28 520 
17 08-may-1998 13:01:23 248 85 432 
18 08-may-1998 14:32:49 259 80 777 
19 08-may-1998 15:04:20 125 27 348 
20 08-may-1998 18:27:07 102 11 312 
21 08-may-1998 23:10:58 104 91 685 
22 09-may-1998 01:04:39 255 19 118 
23 09-may-1998 02:10:43 254 37 1040 
24 09-may-1998 03:35:58 262 178 2331 
25 16-jun-1998 05:27:07 252 136 430 
26 16-jun-1998 05:55:20 299 17 662 
27 16-jun-1998 18:27:05 341 281 1484 
28 16-jun-1998 20:31:44 224 73 349 
29 24-nov-1998 02:30:05 Halo 360 1798 
30 24-apr-1999 11:06:05 220 36 1026 
31 24-apr-1999 13:31:15 Halo 360 1495 
32 09-may-1999 00:26:05 64 25 427 
33 09-may-1999 14:27:49 279 106 152 
34 09-may-1999 18:27:49  296 172 615 
35 01-jun-1999 13:25:14 307 105 300 
36 01-jun-1999 19:37:35 Halo 360 1772 
37 10-jun-1999 04:26:05 273 44 275 
38 10-jun-1999 05:26:05 351 131 434 
39 10-jun-1999 11:50:05 75 55 215 
40 10-jun-1999 14:50:05 91 115 412 
41 11-jun-1999 01:26:49 288 101 719 
42 22-apr-2000 15:30:05 79 18 1002 
43 22-apr-2000 21:54:05 69 20 694 
44 23-apr-2000 01:54:05 252 60 635 
45 23-apr-2000 04:30:05 123 99 262 
46 23-apr-2000 09:30:05 18 17 397 
47 23-apr-2000 12:54:05 322 40 216 
48 17-jun-2000 03:28:13 298 133 857 
49 17-jun-2000 04:40:05 293 98 659 
50 17-jun-2000 23:10:05 263 70 927 
51 18-jun-2000 02:10:07 307 132 629 
  
 
CME appearance date 
central 
PA (deg) 
Angular 
width 
(deg) 
Speed  
(Km/s) 
 
 
52 21-jul-2000 12:54:05 321 60 322 
53 21-jul-2000 16:54:36 333 70 226 
54 22-jul-2000 08:30:05 308 20 204 
55 22-jul-2000 11:54:05 259 >229 1230 
56 11-sep-2000 14:47:53 0 18 272 
57 11-sep-2000 23:30:05 239 19 515 
58 12-sep-2000 08:30:05 202 49 391 
59 12-sep-2000 10:54:05 240 14 552 
60 12-sep-2000 11:54:05 Halo 360 1550 
61 23-nov-2000 06:06:05 266 60 344 
62 23-nov-2000 06:06:05 Halo 360 492 
63 23-nov-2000 12:30:07 228 46 313 
64 23-nov-2000 12:54:05 70 20 267 
65 23-nov-2000 15:30:05 112 21 678 
66 23-nov-2000 17:30:05 350 92 487 
67 23-nov-2000 18:30:05 229 42 498 
68 23-nov-2000 18:54:05 348 97 590 
69 23-nov-2000 21:30:08 341 79 682 
70 23-nov-2000 21:30:08 124 148 1198 
71 23-nov-2000 23:54:06 336 157 690 
72 24-nov-2000 00:54:05 236 93 668 
73 24-nov-2000 02:30:05 335 61 581 
74 24-nov-2000 04:30:05 328 116 788 
75 24-nov-2000 05:30:05 Halo 360 1289 
76 04-jan-2001 21:54:05 284 28 199 
77 04-jan-2001 23:06:05 69 38 177 
78 05-jan-2001 07:31:49 99 25 178 
79 05-jan-2001 11:54:05 111 44 554 
80 05-jan-2001 14:30:05 325 25 229 
81 05-jan-2001 17:06:05 Halo 360 828 
82 06-may-2001 21:30:08 254 38 368 
83 07-may-2001 01:31:40 348 38 55 
84 07-may-2001 10:06:05 214 233 604 
85 07-may-2001 12:06:06 286 205 1223 
86 19-may-2001 11:26:05 291 72 135 
87 19-may-2001 14:06:05 280 46 197 
88 19-may-2001 15:26:08 238 73 269 
89 19-may-2001 16:06:07 214 107 381 
90 19-may-2001 20:26:05 53 128 180 
91 20-may-2001 06:26:05 227 179 546 
92 03-jun-2001 17:30:06 107 25 419 
93 03-jun-2001 19:54:05 285 45 203 
94 03-jun-2001 21:30:08 329 55 595 
95 03-jun-2001 21:30:08 98 71 722 
96 04-jun-2001 00:54:58 305 104 440 
97 04-jun-2001 04:06:05 323 61 664 
98 04-jun-2001 08:30:05 97 95 760 
99 04-jun-2001 15:30:05 104 75 632 
100 04-jun-2001 16:30:05 299 89 464 
101 04-jun-2001 16:54:05 91 96 412 
102 04-jun-2001 17:30:05 179 55 369 
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CME appearance date 
central 
PA (deg) 
Angular 
width 
(deg) 
Speed  
(Km/s) 
 
103 15-jun-2001 00:30:05 207 74 633 
104 15-jun-2001 06:06:05 311 37 421 
105 15-jun-2001 06:30:05 223 35 562 
106 15-jun-2001 10:31:33 185 119 1090 
107 15-jun-2001 11:30:05 219 61 459 
108 15-jun-2001 15:56:27 Halo 360 1701 
109 18-jun-2001 11:05:06 52 34 273 
110 18-jun-2001 15:05:05 294 25 337 
111 18-jun-2001 16:05:05 295 28 423 
112 18-jun-2001 22:46:55 217 59 1301 
113 19-jun-2001 03:54:05 292 58 817 
114 19-jun-2001 05:30:05 254 42 248 
115 19-jun-2001 07:31:51 268 115 268 
116 19-jun-2001 08:30:05 76 21 697 
117 09-aug-2001 09:54:05 287 52 249 
118 09-aug-2001 10:30:21 285 175 479 
119 09-aug-2001 20:06:05 202 14 305 
120 09-aug-2001 21:30:08 125 >100 909 
121 10-aug-2001 02:06:05 259 106 376 
122 18-oct-2001 09:50:06 34 59 266 
123 18-oct-2001 13:27:18 93 37 215 
124 18-oct-2001 16:26:05 236 65 325 
125 18-oct-2001 19:27:19 236 87 401 
126 18-oct-2001 20:26:05 98 162 634 
127 19-oct-2001 01:27:17 Halo(BA) 360 558 
128 09-jan-2002 17:54:03 278 18 220 
129 09-jan-2002 18:54:05 251 26 113 
130 09-jan-2002 23:06:05 139 27 594 
131 10-jan-2002 00:30:05 236 61 377 
132 10-jan-2002 05:54:05 301 72 403 
133 13-jan-2002 03:10:12 311 203 408 
134 13-jan-2002 07:35:05 55 29 317 
135 13-jan-2002 09:35:05 71 60 329 
136 13-jan-2002 11:35:05 130 37 832 
137 13-jan-2002 15:20:06 150 17 614 
138 13-jan-2002 15:40:05 232 45 187 
139 27-jan-2002 03:30:12 224 26 314 
140 27-jan-2002 05:30:05 45 28 384 
141 27-jan-2002 09:54:19 289 45 273 
142 27-jan-2002 12:30:05 Halo(OA) 360 1136 
143 19-feb-2002 21:30:08 118 7 414 
144 20-feb-2002 02:54:05 36 41 534 
145 20-feb-2002 03:30:05 306 54 813 
146 20-feb-2002 06:30:05 Halo(OA) 360 952 
147 06-jul-2002 20:06:08 281 46 607 
148 07-jul-2002 04:06:09 282 44 375 
149 07-jul-2002 05:30:05 199 22 236 
150 07-jul-2002 11:06:09 268 30 638 
151 07-jul-2002 11:30:31 277 >228 1423 
152 13-aug-2002 15:30:05 116 128 145 
153 13-aug-2002 17:30:05 144 159 372 
154 14-aug-2002 02:30:05 22 90 396 
155 14-aug-2002 02:30:05 297 133 1309 
156 14-aug-2002 05:30:05 93 19 396 
157 14-aug-2002 10:54:05 144 52 809 
158 21-aug-2002 03:54:05 248 77 474 
159 21-aug-2002 04:54:05 114 62 230 
160 21-aug-2002 05:54:05 164 24 473 
 
 
 
 
CME appearance date 
central 
PA (deg) 
Angular 
width 
(deg) 
Speed  
(Km/s) 
 
161 21-aug-2002 06:00:05 260 66 268 
162 21-aug-2002 06:54:05 251 61 214 
163 21-aug-2002 10:30:27 165 21 524 
164 21-aug-2002 11:30:05 248 32 783 
165 21-aug-2002 16:06:05 154 45 188 
166 21-aug-2002 17:30:05 219 17 464 
167 22-aug-2002 02:06:06 Halo(AO) 360 998 
168 08-nov-2002 18:30:05 196 62 840 
169 08-nov-2002 21:10:44 110 56 235 
170 09-nov-2002 11:06:37 301 36 533 
171 09-nov-2002 13:31:45 Halo(OA) 360 1838 
172 19-dec-2002 06:30:05 149 17 609 
173 19-dec-2002 08:54:06 Halo(S) 360 433 
174 19-dec-2002 20:30:05 245 15 504 
175 19-dec-2002 22:06:05 Halo(BA) 360 1092 
176 23-apr-2003 07:50:05 285 12 618 
177 23-apr-2003 11:26:05 155 45 224 
178 23-apr-2003 11:50:06 70 41 343 
179 23-apr-2003 16:50:05 343 105 596 
180 12-jul-2004 05:06:05 254 27 323 
181 12-jul-2004 08:06:05 78 144 610 
182 12-jul-2004 11:06:05 228 17 312 
183 12-jul-2004 12:30:05 236 22 415 
184 13-jul-2004 00:54:05 313 88 607 
185 13-jul-2004 00:54:06 253 201 409 
186 31-oct-2004 06:30:30 251 62 265 
187 31-oct-2004 17:30:05 112 23 453 
188 31-oct-2004 20:30:05 262 22 468 
189 31-oct-2004 22:30:05 260 58 350 
190 01-nov-2004 00:54:05 254 43 315 
191 01-nov-2004 03:54:05 242 >192 459 
192 01-nov-2004 06:06:05 266 146 925 
193 13-jul-2005 12:54:05 275 49 471 
194 13-jul-2005 14:30:05 Halo 360 1423 
195 13-jul-2005 22:30:05 260 34 539 
196 14-jul-2005 03:54:06 268 25 259 
197 14-jul-2005 06:06:05 252 14 560 
198 14-jul-2005 06:30:05 282 60 541 
199 14-jul-2005 07:54:05 266 103 752 
200 14-jul-2005 10:54:05 Halo 360 2115 
201 16-jul-2005 13:54:05 289 27 279 
202 16-jul-2005 19:54:05 109 >226 186 
203 17-jul-2005 01:54:05 283 26 398 
204 17-jul-2005 04:06:05 278 40 415 
205 17-jul-2005 07:32:16 265 7 319 
206 17-jul-2005 09:54:05 283 47 652 
207 17-jul-2005 11:30:05 Halo 360 1527 
208 21-aug-2005 19:31:49 14 5 638 
209 22-aug-2005 01:31:48 Halo 360 1194 
210 22-aug-2005 05:30:05 222 56 754 
211 22-aug-2005 07:31:46 48 95 142 
212 22-aug-2005 08:30:05 120 66 149 
213 22-aug-2005 15:54:19 69 43 567 
214 22-aug-2005 17:30:05 Halo 360 2378 
215 29-aug-2005 01:54:05 256 19 598 
216 29-aug-2005 05:54:05 99 25 212 
217 29-aug-2005 06:54:31 245 9 432 
218 29-aug-2005 10:54:05 Halo 360 1600 
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Appendix 4. A detailed pictorial representation of the CMEs that are described in table 7.1.  
 
1.  CMEs during the 13/11/1997 SEP event. 
 
 
            Fig I. Proton and X-ray flux during the Nov 13
th
  1997 SEP event. 
 
 
 
Fig II. SEP, CME, and X-ray observations of the heliosphere during  
the Nov 13, 1997 SEP event. The middle panel shows the direction, size  
and time-height profiles of the CME that accompanied the SEP event. 
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2 CMEs during the 06/05/1998 SEP event.  
 
 
          Fig III. Proton and X-ray flux during the May 6
th
  1998 SEP event. 
 
 
Fig IV. SEP, CME, and X-ray observations of the heliosphere during  
the May 6
th
, 1998 SEP event. The middle panel shows the direction, size  
and time-height profiles of the CME that accompanied the SEP event. 
 
3 CMEs during the 22/11/1998 SEP event. 
There is no CME associated with this SEP event. 
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4 CMEs during the 24/11/1998 SEP event. 
 
 
Fig V. Proton and X-ray flux during the Nov 24
th
 , 1998 SEP event. 
 
 
Fig VI. SEP, CME, and X-ray observations of the heliosphere during  
the Nov 24
th
, 1998 SEP event. The middle panel shows the direction, size  
and time-height profiles of the CME that accompanied the SEP event. 
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5 CMEs during the 24/04/1999 SEP event. 
 
 
Fig VI. Proton and X-ray flux during the April 24
th
  1999 SEP event. 
 
 
 
Fig VII. SEP, CME, and X-ray observations of the heliosphere during  
the April 24
th
, 1999 SEP event. The middle panel shows the direction, size  
and time-height profiles of the CME that accompanied the SEP event. 
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6 CMEs during the 09/05/1999 SEP event. 
 
Fig VII. Proton and X-ray flux during the May 9
th
 1999 SEP event. 
 
 
Fig VIII. SEP, CME, and X-ray observations of the heliosphere during  
the May 9, 1999 SEP event. The middle panel shows the direction, size  
and time-height profiles of the CME that accompanied the SEP event. 
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7 CMEs during the 01/06/1999 SEP event. 
 
Fig IX. Proton and X-ray flux during the June 1
st
 1999 SEP event. 
 
 
Fig X. SEP, CME, and X-ray observations of the heliosphere during  
the June 1
st
, 1999 SEP event. The middle panel shows the direction, size  
and time-height profiles of the CME that accompanied the SEP event. 
 
8 CMEs during the 09/01/2000 SEP event. 
There is no CME related to this SEP event. 
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